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According to a recent proposal of the tetraquark mixing framework, the two light-meson nonets in
the JP = 0+ channel, namely the light nonet composed of a0(980), K
∗
0 (800), f0(500), f0(980), and
the heavy nonet of a0(1450), K
∗
0 (1430), f0(1370), f0(1500), can be expressed by linear combinations
of the two tetraquark types, one type containing the spin-0 diquark and the other with the spin-1
diquark. Among various consequences of this mixing model, one surprising result is that the second
tetraquark with the spin-1 diquark configuration is more important for the light nonet. In this work,
we report that this result can be supported by the QCD sum rule calculation. In particular, we
construct a QCD sum rule for the isovector resonance a0(980) using an interpolating field composed
of both tetraquark types and then perform the operator product expansion up to dimension 10
operators. Our sum rule analysis shows that the spin-1 diquark configuration is crucial in generating
the a0(980) mass. Also, the mixed correlation function constructed from the two tetraquark types
is found to have large strength which seems consistent with what the tetraquark mixing framework
is advocating. On the other hand, the correlation function from the interpolating field with the
spin-0 diquark configuration alone fails to predict the a0(980) mass mostly by the huge negative
contribution from dimension 8 operators.
I. INTRODUCTION
Tetraquarks have been anticipated for long time in
hadron community. Recently, with the development of
high-energy facilities, tetraquark candidates are accumu-
lating from worldwide experiments in the heavy quark
sector. There are some candidates with charm quarks
which include the pioneering state X(3872) [1–4] mea-
sured in the B-meson decays as well as other similar
states X(3823), X(3900), X(3940), X(4140), X(4274),
X(4500), X(4700) [5–9]. These states have been investi-
gated theoretically with their possibility of being hidden-
charm tetraquarks [10–13]. Possibility for open-bottom
and open-charm tetraquarks has been investigated in
Ref. [14] for the resonances which are normally treated
as the B-, D-meson excited states.
Also tetraquarks are expected to exist in the light
quark sector composed of u, d, s quarks. In fact, as is
well known, the tetraquark study in the light quark sys-
tem can be traced back to 1970s when Jaffe proposed
a fascinating model of diquark-antidiquark [15–17]. In
this model, tetraquarks are constructed by combining
the spin-0 diquark, in the color and flavor structures
of (3¯c, 3¯f), with its antidiquark in (3c,3f ) so that the
resulting tetraquarks form a flavor nonet (3¯f ⊗ 3f =
1f⊕8f). The spin-0 diquark is adopted because it is most
attractive among all the possible diquarks if the binding
is calculated from the color-spin interaction [18]. Thus,
it is commonly expected that the resulting tetraquarks
are stable.
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But one may ask whether the spin-0 diquark (and
the corresponding antidiquark) is the only building
block to construct stable tetraquarks under the diquark-
antidiquark approach. Since the total binding energy is
calculated by summing over pairwise interactions among
all the constituting quarks, the diquark binding may not
be the sole criterion in judging stable tetraquarks. To
be specific, the diquark (and antidiquark) binding con-
stitutes only the part of the total binding energy. There
are additional contributions from other pairs like quark-
antiquark. In this sense, it is necessary to examine other
diquarks in addition to the spin-0 diquark as possible
constituents in making stable tetraquarks. Indeed, as re-
cently advocated by Refs. [19–22], one can construct the
second tetraquark by using the spin-1 diquark with the
color and flavor structure (6c, 3¯f ). Even though the spin-
1 diquark is less compact than the spin-0 diquark, the to-
tal binding energy of the second tetraquark, if calculated
from the color-spin interaction for all the pairs, is found
to be more attractive than the binding from the first
tetraquark type involving the spin-0 diquark. Therefore,
two types are possible for the stable tetraquark. Hav-
ing the same flavor structure as the spin-0 diquark, the
tetraquarks with the spin-1 diquark configuration also
form a flavor nonet. Both tetraquarks have the same
quantum numbers JP = 0+ by their construction.
What is interesting is that the two tetraquark types
mix strongly each other through the color-spin interac-
tion. Two eigenstates that diagonalize the color-spin in-
teraction can be identified by physical resonances because
they also diagonalize the other terms in the Hamilto-
nian, the color-electric potential as well as the quark
mass terms. In other words, the physical states are
linear combinations of the two tetraquark types. This
2tetraquark mixing framework seems to explain very much
the two nonets that can be found in Particle Data
Group(PDG) [23] in the JP = 0+ channel, namely
the light nonet composed of the lowest-lying resonances,
a0(980), K
∗
0 (800), f0(500), f0(980), and the heavy nonet
whose members are the next higher resonances, a0(1450),
K∗0 (1430), f0(1370), f0(1500). These two nonets are well
separated in mass from the rest resonances in PDG. In
fact, Ref. [22] presented various phenomenological sig-
natures to support this mixing framework including not
only the famous inverted mass spectrum among the nonet
members but also the others related to the hyperfine mass
splittings, the mixing parameters, the Gell-Mann–Okubo
mass relation, the enhancement or suppression of the
fall-apart decay modes and so on. Therefore it is quite
promising that this mixing scheme is indeed realized by
the two nonets in PDG.
In order to solidify this picture further, it may be
desirable to test various consequences from dynamical
calculations based on the fundamental theory like quan-
tum chromodynamics (QCD). In practice, the QCD sum
rule [24–26] or lattice QCD calculation [27] can be used
for this purpose. One surprising result to test is the state-
ment that the light nonet has more probability to stay
in the second type tetraquark containing the spin-1 di-
quark rather than in the first type involving the spin-0
diquark [19–22]. This picture is very different from the
common expectation that the light nonet has the struc-
ture of the first tetraquark type only [15–18, 28, 29].
In this regard, it will be particularly interesting to re-
visit the QCD sum rule calculation performed by one
of the present authors (HJL) in Ref. [30]. There, the
QCD sum rule is constructed by using an interpolating
field based on the first tetraquark type only but the re-
sult is not conclusive in extracting the light nonet mass
mainly because of the huge negative contribution from
dimension 8 operators. This may indicate that the first
tetraquark type does not represent the light nonet prop-
erly. The similar result is reported also by the later calcu-
lations [31]. In our point of view, the failure of this QCD
sum rule may be closely related to the statement above
that the spin-0 diquark configuration is less probable for
the light nonet. Instead, the spin-1 diquark configuration
may be more important for the light nonet. Therefore it
may be worth performing the QCD sum rule calculation
again but with an interpolating field incorporating both
spin-0 and spin-1 diquark configurations.
In this work, we present a QCD sum rule study for
the light nonet in order to test the tetraquark mixing
framework. In this study, we take the isovector reso-
nance a0(980) among the light nonet members and this
choice will be justified in Sec. II. An interpolating field
for a0(980) will be constructed in Sec. III based on the
tetraquark mixing framework. Then using this interpo-
lating field, we construct the corresponding QCD sum
rule in Sec. IV by performing the operator product ex-
pansion (OPE) up to dimension 10. The results will be
discussed in Sec. V. We summarize in Sec. VI.
II. TETRAQUARK MIXING FRAMEWORK
To motivate the construction of an interpolating field
in our QCD sum rule study, we briefly look at the
mathematical structure of the tetraquark mixing frame-
work advocated by Refs. [19–22]. The mixing frame-
work has been developed as a possible structure for
the two nonets in PDG, the light nonet composed of
a0(980), K
∗
0 (800), f0(500), f0(980), and the heavy nonet
of a0(1450), K
∗
0 (1430), f0(1370), f0(1500). According
to this mixing framework, one can introduce two types
of tetraquark in the diquark-antidiquark model. The
first tetraquark type, which is commonly adopted in
the tetraquark studies, is constructed by combining the
spin-0 diquark, whose color and flavor structures are in
(3¯c, 3¯f), and the corresponding spin-0 antidiquark [15–
17]. This first tetraquark type is denoted by |000〉 where
the first number represents the tetraquark spin, the sec-
ond the diquark spin, and the third the antidiquark
spin. The second tetraquark type, |011〉, which was sug-
gested as another possibility in Refs. [19–22, 32], is con-
structed by combining the spin-1 diquark in the struc-
ture of (6c, 3¯f) and its antidiquark. By construction, the
two tetraquark types differ by color and spin configura-
tions but they have the same flavor structure, namely the
nonet.
The color structure of the two tetraquarks can be ex-
plicitly written as 1
|000〉 : 1√
12
εabd εaef
(
qbqd
) (
q¯eq¯f
)
, (1)
|011〉 : 1√
96
(
qaqb + qbqa
) (
q¯aq¯b + q¯bq¯a
)
, (2)
where the Roman indices, a, b, d, e, f , denote the colors.
Both tetraquarks form the same flavor nonet which can
be broken down to an octet and a singlet. Their members
in tensor notation can be expressed by
[8f ]
i
j = TjT¯
i − 1
3
δij TmT¯
m , (3)
1f =
1√
3
TmT¯
m . (4)
Here Ti (T¯
i) denotes the diquark (antidiquark) defined
by
T i =
1√
2
ǫijkqjqk ≡ [qjqk] ,
T¯i =
1√
2
ǫijk q¯
j q¯k ≡ [q¯j q¯k] , (5)
with respect to the quark flavors, qi = u, d, s (q¯
i =
u¯, d¯, s¯).
1 See Ref. [33] for technical details in using a tensor notation for
SU(3).
3The most striking feature is that the two tetraquark
types mix each other strongly through the color-spin in-
teraction and the two nonets in PDG can be collectively
represented by linear combinations of the two tetraquark
types as
|heavy nonet〉 = −α|000〉+ β|011〉 , (6)
|light nonet〉 = β|000〉+ α|011〉 , (7)
which diagonalize the color-spin interaction. Here α, β
are the mixing parameters determined in each isospin
channel by the diagonalization process. But they are
found to be almost independent of isospin [19–22] and
their values are approximately close to α ≈
√
2/3, β ≈√
1/3. This basically implies that the wave functions in
Eqs. (6), (7) separately form an approximate flavor nonet
consequently supporting the identification in terms of the
two nonets in PDG.
One surprising result for the mixing parameters is the
inequality, α > β. As one can see in Eq. (7), this in-
equality means that the light nonet members, a0(980),
K∗0 (800), f0(500), f0(980), are more dominated by the
spin-1 diquark configuration rather than the spin-0 di-
quark configuration. To be specific, the probability to
stay in the first tetraquark type is about 33% and that
in the second type is 67%. Therefore the spin-1 diquark
configuration is more important in the light nonet mem-
bers when they are described by tetraquarks. We stress
again that this picture is very different from the common
expectation that the light nonet members are dominated
by the spin-0 diquark configuration.
Our primary task is to test this surprising result in the
light nonet by QCD sum rules [24–26]. In principle, any
member in the light nonet can be tested for our purpose
but in practice some care needs to be taken in choos-
ing one specific resonance to work on. In this work, we
choose the isovector resonance, a0(980), because, first of
all, this is a relatively sharp resonance with small de-
cay width. So the pole and continuum ansatz, which is
the inevitable prescription in QCD sum rules, may fit
better to a0(980) than the other broad resonances like
K∗0 (800), f0(500). Moreover, the a0(980) resonance has
another advantage over the isoscalar members f0(500),
f0(980) because a0(980) does not suffer from additional
ambiguity coming from the flavor mixing [21] which can
be referred as the generalized Okubo-Zweig-Iizuka (OZI)
rule.
III. INTERPOLATING FIELD FOR a0(980)
To investigate a0(980) through QCD sum rules, we
need to construct an interpolating field for a0(980) that
properly incorporates the tetraquark mixing framework
developed in the constituent quark picture. The mixing
framework suggests that the isovector resonance a0(980)
is represented by the mixture of the two tetraquark types
in the I = 1 channel,
|a0(980)〉 = β|000〉I=1 + α|011〉I=1 . (8)
The mixing parameters in this I = 1 channel are deter-
mined to be [19–22]
α = 0.8167 , β = 0.5770 . (9)
The flavor structure of a0(980), which is the [8f ]
1
2 mem-
ber in Eq. (3) 2, takes the form
[su][d¯s¯] =
1√
2
(su− us) 1√
2
(d¯s¯− s¯d¯) . (10)
The color structure of [su][d¯s¯] is given by Eq. (1) for the
|000〉 case and by Eq. (2) for the |011〉 case. It should be
remembered that this structure for a0(980) is based on
the constituent quark picture having all the quarks in an
S-wave.
To construct an interpolating field with current quarks,
we need to replace the constituting quarks by the Dirac
spinors while keeping the color and flavor structures as
above. Then the remaining task is to determine appro-
priate Dirac structures to be inserted between the two
quarks for the spin-0 diquark as well as for spin-1 di-
quark. One more thing to be kept in mind is that the
interpolating field must be nonzero and should be nor-
malized as |000〉I=1, |011〉I=1 in the static limit so that
one can facilitate the same mixing parameters as given
in Eq. (9).
To start, we write down general forms of the interpo-
lating fields for the two diquark types, one for the spin-0
diquark with the color and flavor structures (3¯c, 3¯f ), and
the other for spin-1 diquark with (6c, 3¯f ). That is, for
the member containing u, s quarks,
spin-0: ǫabc(s
T
b Γ0uc − uTb Γ0sc) , (11)
spin-1: sTa Γ1ub + s
T
b Γ1ua − uTa Γ1sb − uTb Γ1sa . (12)
The 4 × 4 matrices, Γ0,1, whose subscript denotes the
associated diquark, can be fixed as follows.
A standard way to construct a diquark interpolating
field is to replace the antiquark q¯ in the mesonic field
of the form q¯Γq by its charge conjugation analog, q¯ →
qTC [34]. Then Γ0 in Eq. (11) takes the form CΓ where
Γ is a Dirac matrix to be chosen from the 16 independent
matrices, 1, γ5, γµ, γ5γµ, σµν . Using the basic properties
among Dirac matrices, one can easily prove that
ΓT0 = ±Γ0 (13)
for all the possible Γ. To take advantage of this identity,
we rewrite the second term in Eq. (11) as
ǫabcu
T
b Γ0sc = −ǫabcsTc ΓT0 ub = ǫabcsTb ΓT0 uc , (14)
2 Among isovector members, we choose the charged member
a+
0
(980) in this study.
4where the anticommutation relation {u, s} = 0 has been
used in the first step. Then the two terms in Eq. (11)
can be combined into
ǫabcs
T
b (Γ0 − ΓT0 )uc . (15)
In order for this diquark to be nonzero, we should have
ΓT0 = −Γ0 among the two possibilities in Eq. (13). This
condition, if imposed on the spin-0 diquark, leads to
Γ0 = C, Cγ5.
3 Since the charge conjugation C is off-
diagonal in Dirac space, it connects the upper and lower
components of the Dirac spinors when it is plugged into
Eq. (15). Thus, this diquark with Γ0 = C vanishes in the
static limit indicating that this diquark is not relevant.
Instead, the diquark with Γ0 = Cγ5 does not vanish in
the static limit and we can take this as the appropriate
diquark in this spin-0 case.
The similar steps can be taken for the spin-1 diquark,
Eq. (12), and in this case, we find the different constraint,
ΓT1 = Γ1, essentially due to that the diquark in Eq. (12)
does not entail ǫabc. This constraint, if imposed on the
spin-1 diquark, leads to Γ1 = Cγµ. In summary, we come
up with the following Dirac structures
Γ0 = Cγ5 , Γ1 = Cγµ , (16)
as the relevant ones for the spin-0 and spin-1 diquark,
respectively.
Now, combining with the corresponding antidiquarks,
and after some minor manipulations, we obtain the in-
terpolating fields for the two tetraquark types as
J0 =
1√
12
ǫabcǫade(s
T
b Γ0uc)(d¯dΓ˜0s¯
T
e ) , (17)
J1 =
1√
72
(sTa Γ1ub)(d¯aΓ˜1s¯
T
b + d¯bΓ˜1s¯
T
a ) , (18)
where Γ˜0,1 = γ
0Γ†0,1γ
0. Again, the subscript in J0, J1 de-
notes the diquark type involved. The numerical factors
in front of these equations are chosen to make the in-
terpolating fields reproduce the same normalized states
in the static limit. Note also that the Lorentz indices
in J1 should be contracted in order to make the spin-0
tetraquark state.
Finally, the interpolating field for the light-nonet
isovector member, a0(980), can be expressed by a lin-
ear combination of J0, J1 similarly to its static corre-
spondence of Eq. (8). That is, the interpolating field
for a0(980) can be written as
JLa0 = βJ0 + αJ1 , (19)
where the superscript “L” has been introduced to denote
the light nonet member. Of course, the interpolating
3 These structures turn out to be the same as determined simply
from the diquark spin being zero. But our prescription becomes
more restrictive when it determines the structure of the spin-1
diquark.
field containing the spin-0 diquark, J0, is not new and
this type has been often used elsewhere for investigating
tetraquark possibility in QCD sum rules [30, 35, 36]. But
the second type J1, which involves the spin-1 diquark, is
not conventional in the study of the light nonet in terms
of tetraquarks. Our main goal in this work is to investi-
gate the role of this additional component as well as its
mixing with J0 from QCD sum rules. There are of course
different types of tetraquark interpolating fields like the
ones introduced in Refs. [37–39] whose connection to the
teraquark mixing framework is unclear at the moment.
IV. QCD SUM RULE FOR a0(980)
In this section, we illustrate how we construct a QCD
sum rule for a0(980) using the interpolating field devel-
oped in Sec. III. In this sum rule, we consider the follow-
ing correlation function
Π(q2) = i
∫
d4xeiq·x〈0|TJLa0(x)JL†a0 (0)|0〉 , (20)
with the interpolating field JLa0 given by Eq. (19). As
usually done in QCD sum rules, this correlation function
is evaluated in two ways. In the one hand, the operator
product expansion (OPE) is performed to express the
correlator in terms of QCD degrees of freedom. In prac-
tice, the OPE calculation is truncated up to certain di-
mension because the OPE is expected to converge as the
operator dimension grows. Its validity therefore relies on
whether high dimensional operators contribute less to the
truncated OPE. In the other hand, the phenomenologi-
cal ansatz for the correlator is constructed using hadronic
degrees of freedom. This ansatz involves the lowest-lying
state of concern and higher resonances which are nor-
mally treated as the continuum modeled by the QCD
duality assumption.
Through a dispersion relation, the correlation function
Π(q2) can be expressed by its spectral density via
ΠOPE,phen(q2) =
1
π
∫ ∞
0
ds
ImΠOPE,phen(s)
s− q2 , (21)
for the OPE and phenomenological side respectively. The
two sides are then matched after the Borel transforma-
tion, which eventually leads to the familiar sum rule
equation relating the two spectral densities,∫ s0
0
ds
1
π
Im
[
ΠOPE(s)−Πphen(s)] e−s/M2 = 0 , (22)
where s0,M denote the continuum threshold and the
Borel mass respectively. Through the QCD duality as-
sumption, higher resonance contributions in the phe-
nomenological side are equated to the logarithmic cut in
the OPE above the continuum threshold s0 so that the
integral is restricted to the interval 0 ∼ s0. In addition,
the Borel weight, e−s/M
2
, amplifies the lowest-lying pole
5contribution while suppressing higher resonance contri-
butions in the phenomenological side. Also this weight
suppresses high dimensional operators in the OPE side
as it transforms the nonperturbative terms of the form
1/sn, (n ≥ 2) into 1/[(n − 1)!(M2)n−1]. Therefore, it
is expected that Eq. (22) can be used to predict some
properties of the lowest-lying pole from the truncated
OPE. All these prescriptions, however, as they are be-
ing rough, suggest that the results from QCD sum rules
may not coincide precisely with the hadronic parameters
to be extracted. Instead, the results can be regarded as
qualitative guides.
Nevertheless, by following the prescriptions above,
only the lowest-lying resonance contributes to the phe-
nomenological side. Using the convention
〈0|JLa0(0)|a+0 〉 =
√
2fa0m
4
a0 , (23)
we get the phenomenological side of Eq. (22),∫ s0
0
ds
1
π
ImΠPhen(s)e−s/M
2
= 2f2a0m
8
a0e
−m2
a0
/M2 .
(24)
The Borel-weighted integral of the OPE spectral den-
sity, which we denote by ΠˆOPE(M2), can be divided
into three parts depending on the interpolating fields in
Eqs. (17), (18). Specifically, we have, for the OPE side
of Eq. (22),
ΠˆOPE(M2) ≡
∫ s0
0
ds
1
π
ImΠOPE(s)e−s/M
2
= β2ΠˆOPE0,0 + 2βαΠˆ
OPE
0,1 + α
2ΠˆOPE1,1 , (25)
where the subscripts in the 2nd equation specify the in-
terpolating fields, J0, J1, that participate in this equa-
tion through Eq. (19). Each correlator can be calculated
straightforwardly 4. We obtain the OPE expressions for
the three correlators up to dimension 10, after the Borel
transformation, as
ΠˆOPE0,0 =
1
12
{
M10E4(M
2)
29 · 5π6 +
〈g2cG2〉
210 · 3π6M
6E2(M
2) +
ms [〈s¯s〉 − 2〈q¯q〉]
25 · 3π4 M
6E2(M
2)
+
〈q¯q〉〈s¯s〉
22 · 3π2 M
4E1(M
2) +
ms[〈s¯gcσ ·Gs〉+ 6〈q¯gcσ ·Gq〉]
27 · 3π4 M
4E1(M
2)
+
ms〈q¯gcσ ·Gq〉
26π4
M4W˜1(M
2)− 1
23 · 3π2 [〈q¯q〉〈s¯gcσ ·Gs〉+ 〈s¯s〉〈q¯gcσ ·Gq〉]M
2E0(M
2)
−ms〈g
2
cG
2〉
27 · 32π4
[
5〈q¯q〉 − 3
2
〈s¯s〉
]
M2E0(M
2)− ms〈g
2
cG
2〉〈q¯q〉
26 · 3π4 M
2W0(M
2)
+
59
29 · 32π2 〈q¯gcσ ·Gq〉〈s¯gcσ ·Gs〉+
7〈g2cG2〉〈q¯q〉〈s¯s〉
25 · 33π2 −
ms〈q¯q〉〈s¯s〉
32
[2〈q¯q〉 − 〈s¯s〉]
}
, (26)
ΠˆOPE0,1 =
1
12
√
6
{
− 3ms
28π4
[〈q¯gcσ ·Gq〉+ 〈s¯gcσ ·Gs〉]M4
[
E1(M
2)− W˜1(M2)
]
−ms〈g
2
cG
2〉
29π4
[〈q¯q〉 − 3〈s¯s〉]M2E0(M2)− ms〈g
2
cG
2〉
29π4
[3〈q¯q〉 − 〈s¯s〉]M2W˜0(M2)
+
1
25π2
[〈q¯gcσ ·Gq〉+ 〈s¯gcσ ·Gs〉] [〈q¯q〉+ 〈s¯s〉]M2E0(M2)
− 17
210 · 3π2 [〈q¯gcσ ·Gq〉+ 〈s¯gcσ ·Gs〉]
2 − 〈g
2
cG
2〉
26 · 3π2
[〈q¯q〉2 + 〈s¯s〉2]
}
, (27)
ΠˆOPE1,1 =
1
72
{
M10E4(M
2)
26 · 5π6 +
5〈g2cG2〉
29 · 3π6 M
6E2(M
2) +
ms [〈s¯s〉 − 〈q¯q〉]
22 · 3π4 M
6E2(M
2)
+
〈q¯q〉〈s¯s〉
3π2
M4E1(M
2) +
ms [9〈q¯gcσ ·Gq〉+ 46〈s¯gcσ ·Gs〉]
27 · 3π4 M
4E1(M
2)
+
1
23 · 3π2
[
〈q¯q〉〈s¯gcσ ·Gs〉 − 3
2
〈s¯s〉〈q¯gcσ ·Gq〉
]
M2E0(M
2)
4 We take the same technical steps as in Refs. [30, 40] in calculating
the OPE expressions. So one may take a look at these references
for additional details. One slight difference is the notation for the
Dirac matrix σµν . There, it was defined as σµν ≡ 1
2
[γµ, γν ] while
here we define it with imaginary “i” so that σµν ≡ i
2
[γµ, γν ].
6−13ms〈g
2
cG
2〉〈q¯q〉
28 · 32π4 M
2E0(M
2) +
ms〈g2cG2〉〈s¯s〉
27 · 3π4 M
2E0(M
2)
−ms〈g
2
cG
2〉〈q¯q〉
24 · 3π4 M
2W0(M
2) +
5ms〈g2cG2〉〈q¯q〉
26 · 3π4 M
2W˜0(M
2)
+
5
28π2
〈q¯gcσ ·Gq〉〈s¯gcσ ·Gs〉 − 〈g
2
cG
2〉〈q¯q〉〈s¯s〉
26 · 33π2 −
4ms〈q¯q〉〈s¯s〉
32
[4〈q¯q〉 − 〈s¯s〉]
}
. (28)
Here En(M
2), W˜n(M
2),Wn(M
2) are the functions asso-
ciated with the continuum threshold and their explicit
expression can be found in Refs [30, 40]. The overall fac-
tors, which are written outside of the brackets, come from
the normalizations in Eqs. (17),(18). Note also that the
vacuum saturation hypothesis has been used in factor-
izing high dimensional operators into lower dimensional
ones. In our numerical analysis, we use the conventional
QCD parameters,
〈q¯q〉 = (−0.25)3 GeV3 for q = u, d (q¯ = u¯, d¯),
〈q¯gcσ ·Gq〉 = m20〈q¯q〉 = 0.8〈q¯q〉,
〈s¯s〉
〈q¯q〉 =
〈s¯gcσ ·Gs〉
〈q¯gcσ ·Gq〉 = 0.8,ms = 0.15 GeV,
〈g2cG2〉 = 0.47 GeV4,Λ = 0.5 GeV. (29)
We rewrite the QCD sum rule for a0(980) succinctly
as
2f2a0m
8
a0e
−m2
a0
/M2 = ΠˆOPE(M2) , (30)
where the phenomenological side has been taken from
Eq. (24) and the OPE side from Eq. (25). This final
sum rule, Eq. (30), is a general formula in a sense that
it can be used also for the sum rule only with J0 by
setting the mixing parameters, α = 0, β = 1, and for
the J1 sum rule by α = 1, β = 0. From these separate
sum rules, one can investigate the relative importance of
the spin-0 and spin-1 diquark configurations in describing
a0(980). Another thing to mention is that the left hand
side of Eq. (30) is positive definite, which can be utilized
as another constraint [30, 36] in testing the reliability of
our QCD sum rules.
If the equation Eq. (30) is exact, then, as one can guess
from the mathematical form of the left-hand side, the
a0(980) mass can be extracted from the corresponding
OPE side through the relation,
ma0 =
[
M3
2ΠˆOPE
∂ΠˆOPE
∂M
]1/2
. (31)
This way of extracting a hadronic mass is often adopted
in QCD sum rules particularly for mesons. In reality,
however, since Eq. (30) is not exact by the rough as-
sumption of QCD duality and the truncation in the OPE,
Eq. (31) may be limited in determining a hadron mass
of concern precisely [41]. But our standpoint is that
Eq. (31) is still useful as a qualitative guide in deter-
mining the possible structure of a0(980).
In our analysis, we take the continuum threshold corre-
sponding to the mass of a0(1450), i.e., s0 = (1.45 GeV)
2.
a0(1450) is the next higher resonance with the same
quantum numbers whose decay width is relatively large
around 260 MeV. So this choice seems to be consistent
with the usual pole and continuum ansatz for the phe-
nomenological side. One worry though is that a0(1450) is
the companion state of a0(980) related by the tetraquark
mixing framework. That is, its wave function is orthog-
onal to a0(980) in the constituent quark picture. Then,
one may wonder whether the interpolating field, Eq. (19),
which was constructed optimally for a0(980), does not
couple to a0(1450) at all, denying its participation in the
continuum. But it should be remembered that the in-
terpolating fields are composed of current quarks so the
features established in the constituent quark picture are
not necessarily sustained in the current quark picture.
The coupling strength might be small but it is not zero.
In principle, a detail analysis might be necessary in de-
termining the continuum threshold by scrutinizing the
OPE terms carefully [41]. But our simple prescription
might be enough for our present purpose in testing the
reliability of the interpolating field like Eq. (19) for the
light nonet.
In passing, it is also worth mentioning about some
limitations in applying a QCD sum rule to the heavy
nonet member, a0(1450). To construct a QCD sum rule
for a0(1450), one can introduce an interpolating field for
a0(1450) based on its static analog in Eq. (6), namely,
JHa0 = −αJ0 + βJ1 , (32)
and proceed the calculation similarly as above. But this
sum rule has a serious flaw from the fact that the interpo-
lating field can couple to both, a0(980), a0(1450). Even
though the interpolating field, Eq. (32), is optimal for
a0(1450), it still can couple to a0(980). Then the prob-
lem is that the unwanted resonance a0(980) constitutes
the lowest-lying pole whose contribution is amplified by
the Borel weight in this a0(1450) sum rule. Therefore,
predictions from the a0(1450) sum rule are contaminated
by the unwanted lowest-lying pole contribution.
V. RESULTS AND DISCUSSION
We now present and discuss the results from the sum
rule, Eq. (30), based on the OPE [Eq. (25)] provided
through Eq. (26),(27),(28). Our discussion firstly focuses
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FIG. 1. The Borel curves contributing to ΠˆOPE0,0 [Eq. (26)],
plotted separately for each OPE dimension as specified in
inset.
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FIG. 2. The Borel curve for ΠˆOPE0,0 , that is, the sum of all the
lines in Fig. 1.
on each QCD sum rule constructed from J0 and J1 sepa-
rately. Each sum rule will be examined in terms of its re-
liability in predicting the a0(980) mass. We then discuss
the full sum rule constructed from JLa0 which, through
Eq. (19), is a linear combination of the two fields J0, J1.
We start with the QCD sum rule constructed only
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FIG. 3. The Borel curve for the a0(980) mass extracted from
Eq. (31) using the interpolating field J0 only.
from the interpolating field J0 [Eq. (17)] which contains
the spin-0 diquark. This sum rule can be obtained from
Eq. (30) [also see Eq. (25)] by setting the mixing parame-
ters α = 0, β = 1. The OPE part in this case is, therefore,
given by ΠˆOPE0,0 [Eq. (26)]. From this sum rule, we recon-
firm the result from Ref. [30] that the interpolating field
J0 is not relevant for a0(980) in viewing the fact that the
OPE is inconsistent with the left-hand side of Eq. (30)
being positive definite 5. In particular, we plot in Fig. 1
various contributions to ΠˆOPE0,0 classified according to the
OPE dimension. One can see that the most important
contribution comes from dimension 8 operators but its
value is negative. This negative value is driven mainly by
the term containing [〈q¯q〉〈s¯gcσ ·Gs〉+ 〈s¯s〉〈q¯gcσ ·Gq〉],
which even makes Eq. (26) totally negative in the Borel
region 0.5 GeV ≤ M ≤ 1.0 GeV (Fig. 2). The curve
in Fig. 2 is not even similar in shape to the Borel
curve roughly plotted from the phenomenological form
∼ e−m2a0/M2 with ma0 ∼ 1 GeV. Thus, the match-
ing formula, Eq. (30), makes no sense in this case with
α = 0, β = 1. In other words, the OPE side is simply in-
compatible with its phenomenological side. Furthermore,
the fact that the high dimensional operators of dimension
8 and 10 contribute dominantly to the OPE already indi-
cates that the truncation in the OPE is not appropriate
in this sum rule.
Even so, one may blindly estimate the a0(980) mass
from the Borel region M & 1 GeV but the result is not
conclusive at all. To show this, we plot in Fig. 3 the
a0(980) mass calculated from Eq. (31) with respect to
the Borel mass in this case with α = 0, β = 1. The
curve is very sensitive to the Borel mass so it seems al-
most impossible to choose any plateau from which one
can extract the a0(980) mass. All these results support
that the sum rule with J0 alone simply fails in predicting
the a0(980) mass. Therefore, we conclude that the inter-
polating field J0 [Eq. (17)] containing the spin-0 diquark
configuration only does not represent a0(980) properly.
On the other hand, very different aspects can be ob-
served from the sum rule using the interpolating field J1
[Eq. (18)] which contains the spin-1 diquark only. This
sum rule can be obtained by setting α = 1, β = 0 in
Eq. (30) [also see Eq. (25)] so its OPE side is given by
ΠˆOPE1,1 [Eq. (28)]. Firstly, as one can see in Fig. 4, the con-
tribution from dimension 8 operators, which was domi-
nant in ΠˆOPE0,0 , becomes small with its values being neg-
ative. This is mainly due to the cancelation in the term[〈q¯q〉〈s¯gcσ ·Gs〉 − 32 〈s¯s〉〈q¯gcσ ·Gq〉] in Eq. (28). The full
OPE in this case is positive as it is mainly driven by di-
mension 6 operators so that this sum rule at least is not
contradictory to the positive constraint imposed by the
left-hand side of Eq. (30). Secondly, the high dimen-
sional operators at dimension 8 and 10 take up a small
5 Our calculation in this sum rule is slightly updated from Ref. [30]
by including dimension 10 operators.
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FIG. 4. The Borel curves contributing to ΠˆOPE1,1 [Eq. (28)],
plotted separately for each OPE dimension as specified in
inset
portion in the OPE, which qualitatively guarantees the
OPE convergence in this calculation up to dimension 10.
Moreover, the Borel curve, if plotted for the full OPE
(Fig. 5) in this J1 sum rule, is similar in shape to the
Borel curve roughly generated from the phenomenologi-
cal form ∼ e−m2a0/M2 . So both sides can be matched at
least qualitatively. By comparing the vertical scales of
Fig. 2 and Fig. 5, one can see that ΠˆOPE1,1 is much larger
than ΠˆOPE0,0 in most Borel region. Thus, Πˆ
OPE
1,1 must be
an important part even in the final sum rule later with
the full interpolating field JLa0 [Eq. (19)].
We investigate this J1 sum rule further by calculat-
ing the a0(980) mass from Eq. (31). The Borel curve
is drawn in Fig. 6, which is much flatter than the J0
case in Fig. 3. The extracted mass is very good but it
still has moderate dependence on M . Specifically, we
see from the figure that the a0(980) mass varies between
0.86 GeV < ma0 < 1.11 GeV within the Borel range
0.8 GeV < M < 1.45 GeV. The middle value from the
mass window, ma0 ∼ 0.985 GeV, agrees very well with
the experimental mass but the extraction error is some-
what large as ∆ma0 ∼ 0.25 GeV. One reason for this
error can be traced to the fact that the OPE is domi-
nated by the dimension 6 contribution. It is not difficult
to see from Fig. 4 that the other OPE terms, even if
they are all summed up, are rather small compared to
the dimension 6 contribution. Nevertheless, from all the
nice aspects discussed above, we can claim that the in-
terpolating field with the spin-1 diquark configuration is
much more promising in describing a0(980) than the one
with the spin-0 configuration as far as the QCD sum rule
analysis is concerned.
There are another interesting results to discuss from
the mixed correlator whose OPE is given by ΠˆOPE0,1
[Eq. (27)]. First of all, this mixed correlator is different
from ΠˆOPE0,0 , Πˆ
OPE
1,1 in that this correlator alone has no
phenomenological counterpart. As one can see in Fig. 7,
its OPE is dominated by dimension 8 operators. Conse-
quently, the full OPE from this mixed correlator grows as
the Borel mass increases (Fig. 8). This shape is similar
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FIG. 5. The Borel curve for ΠˆOPE1,1 , that is, the sum of all the
lines in Fig. 4.
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FIG. 6. The Borel curve for the a0(980) mass extracted from
Eq. (31) using the interpolating field J1 only.
to Fig. 5 supposedly reinforcing the trends from ΠˆOPE1,1
in the full sum rule below. The dimension 10 contri-
bution is quite small as one can see from the solid line
in Fig. 7. Main observation to make is that the total
strength of ΠˆOPE0,1 is fairly large in magnitude when com-
pared to the other correlation functions. At M ∼ 1
GeV, ΠˆOPE0,1 = 4.8 × 10−8 GeV10, which is comparable
to ΠˆOPE1,1 = 5.6× 10−8 GeV10 but it is much larger than
any value of ΠˆOPE0,0 in Fig. 2.
We now discuss the final sum rule of Eq. (30) con-
structed from the full interpolating field JLa0 [Eq. (19)]
with the mixing parameters, α = 0.8167, β = 0.5770
as determined by Ref. [19]. Here, all the three correla-
tion functions, ΠˆOPE0,0 , Πˆ
OPE
0,1 , Πˆ
OPE
1,1 , participate in mak-
ing the OPE side of Eq. (30). They are combined through
Eq. (25) so that the relative contribution from each cor-
relator is subject to further modulation by the fact that
α > β. This modulation turns out to be encouraging in
two respects. First, the correlator with J0, that is Πˆ
OPE
0,0 ,
is multiplied by β2 so its contribution is suppressed rela-
tively more than those from ΠˆOPE0,1 and Πˆ
OPE
1,1 . This sup-
pression is very nice because ΠˆOPE0,0 , whose sum rule con-
tains the unpleasant features as discussed above, becomes
less important in the final sum rule. Second, the ΠˆOPE1,1
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FIG. 7. The Borel curves contributing to ΠˆOPE0,1 [Eq. (27)],
plotted separately for each OPE dimension as specified in
inset.
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FIG. 8. The Borel curve for the mixed correlator, ΠˆOPE0,1
[Eq. (27)].
contribution is enhanced by the parameter α2. This can
be regarded as another encouraging point because the
sum rule with J1 alone, which already has various nice
features as discussed above, becomes more important in
the final sum rule.
The contribution from the mixed correlator, ΠˆOPE0,1 , is
also amplified by the factor 2αβ in Eq. (25), which is
about 40% larger than the α2 factor. Recalling that
ΠˆOPE0,1 is slightly less than Πˆ
OPE
1,1 , the modulated contri-
bution from the mixed correlator in Eq. (25) becomes
even larger than that from ΠˆOPE1,1 . This indicates that
this mixed correlator constitutes an important part in
the final sum rule, Eq. (30). This finding seems to be
consistent with the tetraquark mixing framework estab-
lished in the constituent quark picture where the two
tetraquark types mix strongly through the color-spin in-
teraction [19–22]. Although a direct connection between
the two approaches needs to be clarified, this consistency
could be another evidence to support the tetraquark mix-
ing framework.
In Fig. 9, we plot the Borel curves for ma0 calculated
from Eq. (31) using the full OPE in Eq. (25). Our result
shown by the solid line in the middle is obtained by using
the same continuum threshold s0 = (1.45 GeV)
2 as the
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FIG. 9. The Borel curves for the a0(980) mass extracted
from Eq. (31) using the full interpolating field JLa0 [Eq. (19)]
are presented here with three solid lines with different s0 as
specified. The dashed line is the same curve as in Fig. 6
plotted here again for a clear comparison.
dashed line [the same curve in Fig. 6] calculated only from
ΠˆOPE1,1 . Focusing only on this result for the time being,
we see that the extracted mass varies from 0.93 GeV <
ma0 < 1.13 GeV so its middle value is 1.03 GeV with
the extraction error ∆ma0 ∼ 0.2 GeV. This Borel curve
is slightly flatter than the one in Fig. 6. Thus, ma0 from
this full sum rule is not so different from the one from
ΠˆOPE1,1 and also from the experimental mass. The large
contribution from the mixed correlator, ΠˆOPE0,1 , seems to
cancel away mostly through the ratio, Eq. (31), so the
extraction ofma0 turns out not to depend much on Πˆ
OPE
0,1 .
This result shows a physical role of the mixed cor-
relator when we see it in the context of Eq. (30). Its
large contribution certainly increases the right-hand side
of Eq. (30) substantially but, as we have shown, its inclu-
sion does not change much the extraction of ma0 in the
left-hand side. Then, its contribution must participate in
increasing the other hadronic parameter in Eq. (30), the
coupling strength fa0 . This implies that the interpolat-
ing field JLa0 , through Eq. (23), couples to the lowest-lying
resonance a0(980) more strongly when it is represented
by the mixture of the form, Eq. (19).
As we have mentioned earlier, predictions from QCD
sum rules may suffer from various uncertainties coming
from the rough prescriptions adopted. Among various
prescriptions, the major uncertainty in our sum rules
comes from the continuum threshold, s0. To demonstrate
this, we plot the Borel curve with the larger threshold
s0 = (1.60 GeV)
2 as shown in the upper solid curve in
Fig. 9. The middle value between the upper and lower
mass bounds of the curve becomes 1.13 GeV. This value
is 10% larger than the above value of 1.03 GeV. Simi-
larly, the smaller threshold s0 = (1.30 GeV)
2 produces
the lower solid curve, which yields the middle mass 0.92
GeV, i.e., 10% smaller than 1.03 GeV. This 10% error is
more or less endurable in QCD sum rules if one considers
the abrupt nature in treating the continuum as explained
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in Sec. IV. Anyway, the fact that our extracted mass is
around 1 GeV even if we take into account the uncer-
tainty in s0, can be used as a qualitative guide in sup-
porting that the interpolating field in Eq. (19) is relevant
for a0(980).
The vacuum saturation hypothesis in factorizing high
dimensional operators could be another source of un-
certainty in our sum rules because the operators in di-
mension 6,8,10, which have been estimated by the vac-
uum saturation hypothesis, are the important part of the
OPE. As discussed in Refs. [24, 42], the vacuum satura-
tion hypothesis is justified by the 1/Nc expansion and its
correction can be estimated by inserting other intermedi-
ate states. The deviation from this hypothesis is expected
to be around 10% [26] although there are some reports
with bigger deviations as described in Ref. [41]. So, to es-
timate the uncertainty from this assumption, we increase
10% for the high dimensional operators that have been
factorized in Eqs. (26),(27),(28). Our numerical calcula-
tion shows that the extracted mass is 1.02 GeV, only 1%
smaller than the factorized result, 1.03 GeV. The other
uncertainties from the truncation in the OPE are not so
important in our sum rules as the dimension 10 operators
are already small enough in the full sum rule above.
But, instead of dwelling on a reliability of the mass
prediction, what is more important to us is the fact that
our sum rule delivers three solid statements related to
the structure of a0(980), which are not affected much by
the rough prescriptions. The first statement is that the
interpolating field J1, which involves the spin-1 diquark
configuration only, is the main driving force in producing
the sum rule result. As we have discussed, the sum rule
with J1 alone already has various nice features. Only
the exception is the fact that the Borel curve is not flat
enough to pin down a certain mass for a0(980). The
second statement is that the mixed correlation function
ΠˆOPE0,1 also contributes appreciably to the sum rule. This
is essentially consistent with what the tetraquark mix-
ing framework is advocating. Its role is to strengthen
the coupling fa0 which represents an overlap of the inter-
polating field JLa0 with the physical a0(980). The third
statement is that the correlator, ΠˆOPE0,0 , which is con-
structed from the J0 interpolating field only, contributes
minimally to the a0(980) sum rule. This last statement is
very different from the common expectation that a0(980)
is a tetraquark mostly with the spin-0 diquark configura-
tion. But this does not mean that spin-0 diquark configu-
ration is totally irrelevant to describe a0(980). This con-
figuration contributes to our sum rule through the mixed
correlator, ΠˆOPE0,1 , that constitutes another important in-
gredient in our sum rule as we have already mentioned.
To conclude, our sum rule supports that the interpo-
lating field Eq. (19), whose form is motivated by the
tetraquark mixing framework, represents a0(980) reason-
ably well. Our final sum rule has the moderate Borel sta-
bility and the OPE convergence. From a detail analysis of
the sum rule, we demonstrate that the tetraquark struc-
ture of a0(980) is dominated by the spin-1 diquark config-
uration and its mixing with the spin-0 diquark configura-
tion. But the QCD sum rule constructed from the spin-0
diquark configuration alone fails to predict the a0(980)
mass. Our results therefore support the tetraquark mix-
ing framework for the two light-meson nonets established
in the constituent quark picture [19–22].
Our analysis has been performed only for the isovector
resonance a0(980) in this work. This analysis can be ex-
tended trivially to the isodoublet member K∗0 (800) in the
light nonet because a0(980) and K
∗
0 (800) are simply re-
lated by the SU(3)f symmetry when they are viewed from
the tetraquark mixing framework. The SU(3)f breaking,
which is governed by the strange-quark mass in this case,
contributes marginally to the sum rule. This means, the
spin-1 diquark configuration and its mixing should be
also important to explainK∗0 (800) with similar character-
istics. But the situation can be nontrivial for the isoscalar
resonances f0(500), f0(980) due to flavor mixing. The
resonances f0(500) and f0(980) are not the definite fla-
vor members of the octet and the singlet. Instead, they
are the mixtures of the two multiplets according to the
generalized OZI rule [21]. In future, it will be interesting
to investigate the role of the spin-1 diquark configuration
in these resonances using QCD sum rules.
VI. SUMMARY
To summarize, we have performed in this work a QCD
sum rule analysis for a0(980) based on the tetraquark
mixing framework recently proposed in order to explain
the two light-meson nonets. Motivated by the mix-
ing framework, we construct an interpolating field for
a0(980) which can reproduce the spin-0 and spin-1 di-
quark configurations in the static limit. We then con-
structed QCD sum rules for a0(980) by calculating the
OPE up to dimension 10 operators. The OPE expression
is divided into three correlation functions depending on
the participating interpolating fields. The first correlator
is composed of the interpolating fields with the spin-0 di-
quark configuration only, the second correlator with the
spin-1 diquark configuration only, and the third correla-
tor the mixed type of the two configurations. We have
performed a detail analysis to identify the role of each
correlation function in the sum rule. We found that the
spin-1 diquark configuration is very important to gener-
ate the a0(980) mass and the mixed correlator also con-
stitutes an important part in the total OPE. The first
correlator only with the spin-0 diquark configuration con-
tributes to the final sum rule marginally. The last point
is quite different from the common expectation that the
a0(980) is a tetraquark containing the spin-0 diquark con-
figuration. This work may help in establishing an inter-
esting view on the tetraquark structure of a0(980), that
is, the state containing the spin-1 diquark configuration
as well as the spin-0 diquark configuration.
11
ACKNOWLEDGMENTS
The work of H.-J. Lee was supported by the Ba-
sic Science Research Program through the National Re-
search Foundation of Korea (NRF) funded by Ministry
of Education under Grant No. 2016R1D1A1A09920078.
The work of H. Kim and K.S.Kim was supported by
the National Research Foundation of Korea(NRF) grant
funded by the Korea government(MSIT) (No. NRF-
2018R1A2B6002432 and No. NRF-2018R1A5A1025563).
[1] S.-K. Choi et al., Bounds on the width, mass difference
and other properties of X(3872) → pi+pi−J/ψ decays,
Phys. Rev. D 84, 052004 (2011).
[2] R. Aaij et al. (LHCb Collaboration), Determination of
the X(3872) meson quantum numbers, Phys. Rev. Lett.
110, 222001 (2013).
[3] S. K. Choi et al. (Belle Collaboration), Observation
of a narrow charmoniumlike state in exclusive B± →
K±pi+pi−J/ψ decays, Phys. Rev. Lett. 91, 262001
(2003).
[4] B. Aubert et al. (BABAR Collaboration), Search for a
charged partner of the X(3872) in the B meson decay
B → X−K, X− → J/ψpi−pi0, Phys. Rev. D 71, 031501
(2005).
[5] R. Aaij et al. (LHCb Collaboration), Observation of
J/ψφ structures consistent with exotic states from am-
plitude analysis of B+ → J/ψφK+ decays, Phys. Rev.
Lett. 118, 022003 (2017).
[6] R. Aaij et al. (LHCb Collaboration), Amplitude analysis
of B+ → J/ψφK+ decays, Phys. Rev. D 95, 012002
(2017).
[7] V. Bhardwaj et al. (Belle Collaboration), Evidence of a
new narrow resonance decaying to χc1γ in B → χc1γK,
Phys. Rev. Lett. 111, 032001 (2013).
[8] T. Xiao, S. Dobbs, A. Tomaradze, and K. K. Seth, Ob-
servation of the charged hadron Z±c (3900) and evidence
for the neutral Z0c (3900) in e
+e− → pipiJ/ψ at √s = 4170
MeV, Phys. Lett. B 727, 366 (2013).
[9] K. Abe et al. (Belle Collaboration), Observation of a
charmoniumlike state produced in association with a J/ψ
in e+e− annihilation at
√
s ≈ 10.6 GeV, Phys. Rev. Lett.
98, 082001 (2007).
[10] L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer,
Diquark-antidiquarks with hidden or open charm and the
nature of X(3872), Phys. Rev. D 71, 014028 (2005).
[11] Hungchong Kim, K. S. Kim, Myung-Ki Cheoun,
Daisuke Jido, and Makoto Oka, Testing the tetraquark
structure for the X resonances in the low-lying region,
Eur. Phys. J. A 52, no. 7, 184 (2016).
[12] M. N. Anwar, J. Ferretti and E. Santopinto, Spectroscopy
of the hidden-charm [qc][q¯c¯] and [sc][s¯c¯] tetraquarks,
arXiv:1805.06276 [hep-ph].
[13] L. Zhao, W. Z. Deng and S. L. Zhu, Hidden-charm
tetraquarks and charged Zc states, Phys. Rev. D 90, no.
9, 094031 (2014).
[14] Hungchong Kim, Myung-Ki Cheoun, and Yongseok Oh,
Four-quark structure of the excited states of heavy
mesons, Phys. Rev. D 91, 014021 (2015).
[15] R. L. Jaffe, Multiquark hadrons. 1. The Phenomenology
of QQ¯2 mesons, Phys. Rev. D 15, 267 (1977).
[16] R. L. Jaffe, Multiquark hadrons. 2. Methods, Phys. Rev.
D 15, 281 (1977).
[17] R. L. Jaffe, Exotica, Phys. Rept. 409, 1 (2005).
[18] R. L. Jaffe, Color, spin, and flavor dependent forces in
quantum chromodynamics, hep-ph/0001123.
[19] Hungchong Kim, Myung-Ki Cheoun, and K. S. Kim,
Spin-1 diquark contributing to the formation of
tetraquarks in light mesons, Eur. Phys. J. C 77, 173
(2017); Erratum: Spin-1 diquark contributing to the for-
mation of tetraquarks in light mesons, Eur. Phys. J. C
77, 545(E) (2017).
[20] K. S. Kim and Hungchong Kim, Possible signatures for
tetraquarks from the decays of a0(980), a0(1450), Eur.
Phys. J. C 77, 435 (2017).
[21] Hungchong Kim, K. S. Kim, Myung-Ki Cheoun and
Makoto Oka, Tetraquark mixing framework for isoscalar
resonances in light mesons, Phys. Rev. D 97, no. 9,
094005 (2018).
[22] Hungchong Kim, K. S. Kim, Myung-Ki Cheoun,
Daisuke Jido and Makoto Oka, Further signatures to sup-
port the tetraquark mixing framework for the two light-
meson nonets, Phys. Rev. D 99, no. 1, 014005 (2019)
[23] M. Tanabashi et al. [Particle Data Group], Review of
Particle Physics, Phys. Rev. D 98, no. 3, 030001 (2018).
[24] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, QCD
and Resonance Physics. Theoretical Foundations, Nucl.
Phys. B 147, 385 (1979).
[25] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov,
QCD and Resonance Physics: Applications, Nucl. Phys.
B 147, 448 (1979).
[26] L. J. Reinders, H. Rubinstein and S. Yazaki, Hadron
Properties from QCD Sum Rules, Phys. Rept. 127, 1
(1985).
[27] J. J. Dudek et al. [Hadron Spectrum Collaboration], An
a0 resonance in strongly coupled piη, KK scattering from
lattice QCD, Phys. Rev. D 93, no. 9, 094506 (2016).
[28] D. Ebert, R. Faustov, and V. Galkin, Masses of light
tetraquarks and scalar mesons in the relativistic quark
model, Eur. Phys. J. C 60, 273 (2009).
[29] E. Santopinto and G. Galata, Spectroscopy of tetraquark
states, Phys. Rev. C 75, 045206 (2007).
[30] H. J. Lee, A QCD sum rule study of the light scalar
meson, Eur. Phys. J. A 30, 423 (2006).
[31] Z. G. Wang and Z. G. Wang, Analysis of the scalar nonet
mesons with QCD sum rules, Eur. Phys. J. C 76, no. 8,
427 (2016).
[32] D. Black, A. H. Fariborz, F. Sannino, and J. Schechter,
Putative light scalar nonet, Phys. Rev. D 59, 074026
(1999).
[33] Yongseok Oh and Hungchong Kim, Pentaquark baryons
in SU(3) quark model, Phys. Rev. D 70, 094022 (2004).
[34] D. K. Griegel, Nucleon propagation in nuclear matter:
A QCD sum rule approach, Ph.D thesis, University of
Maryland at College Park, 1991.
[35] S. S. Agaev, K. Azizi and H. Sundu, The nonet of
the light scalar tetraquarks: The mesons a0(980) and
K∗0 (800), Phys. Lett. B 789, 405 (2019).
12
[36] Hungchong Kim and Yongseok Oh, Ds(2317) as a four-
quark state in QCD sum rules, Phys. Rev. D 72, 074012
(2005).
[37] T. Kojo and D. Jido, Sigma meson in pole-dominated
QCD sum rules, Phys. Rev. D 78, 114005 (2008).
[38] H. X. Chen, A. Hosaka and S. L. Zhu, Light Scalar
Tetraquark Mesons in the QCD Sum Rule, Phys. Rev.
D 76, 094025 (2007).
[39] H. X. Chen, A. Hosaka and S. L. Zhu, QCD sum rule
study of the masses of light tetraquark scalar mesons,
Phys. Lett. B 650, 369 (2007)
[40] H. J. Lee, N. I. Kochelev and V. Vento, Phys. Rev. D 73,
014010 (2006)
[41] D. B. Leinweber, QCD sum rules for skeptics, Annals
Phys. 254, 328 (1997).
[42] V. A. Novikov, M. A. Shifman, A. I. Vainshtein,
M. B. Voloshin and V. I. Zakharov, Use and Misuse of
QCD SumRules, Factorization and Related Topics, Nucl.
Phys. B 237, 525 (1984).
